This work presents the fabrication of high quality bi-layer graphene using micromechanical exfoliation technique. The constant thickness of the film with a deviation of 25% as confirmed from the AFM line scanning of the graphene patches indicate the transfer of nearly uniform graphene film on the pre-treated glass substrate. The schematic of InGaN/GaN p-i-n solar cell with bi-layer graphene as current spreading layer is shown, which is used for simulation using TCAD-Silvaco software. I-V and P-V characteristic plot of the simulated solar cell is also shown with a conversion efficiency of 15.24 %.
Introduction
The discovery of first two-dimensional flat material 'graphene' in which carbon atoms are arranged periodically in a honeycomb lattice, is the building block for most of the allotropes of carbon except diamond and amorphous structures. This can be explained by the fact that when graphene is rolled, it forms 1-D carbon nanotube, when wrapped forms 0-D fullerene, and forms 3-D graphite when layers of graphene are stacked on each other. 1 Due to the linear energymomentum relationship at the K and K' points of the Brillouin zone, electrons in graphene sheet behave like mass less Dirac-Fermions. 1 Graphene has shown highly desirable properties such as high transparency, extremely high charge carrier mobility, thermodynamic stability and mechanical hardness. 2 Graphene in its primary stage of development has exhibited ideal properties for applications such as field-effect transistors, 2 transparent electrodes, 3 liquid crystal devices, 4 ultra-capacitors, 5 ultra-tough paper, 6 gas molecule detection, 7 Li ion battery, 8 field electron emitters, 9, 10 solar cells, 11, 12 resonators 13 and photo-detectors. 14 The high transparency accompanied with large conductivity favors graphene as a very suitable material for transparent conductive electrode for thin film solar cells. Another important aspect of graphene is its thickness dependent semiconducting property which may favor its application in forming Schottky junction with suitable metals. 15 It should be noted that, graphene can be fabricated mainly by two techniques such as, (i) physical technique-which involves (a) micromechanical exfoliation of highly ordered pyrolytic graphite (HOPG) 16 and (b) sublimation of silicon from SiC at high temperatures, 17 (ii) chemical Micromechanical exfoliation technique is the first 5 experimental development of graphene and promises to be the best for fabrication of high-quality graphene having field effect mobility of 3000-10000 cm 2 /V.sec. 1 Considering the importance and enhanced properties of nanospace architectures such as: nanoporous materials 20, 21 , interlayers of nanofilms 22, 23 , nanotubes [24] [25] [26] [27] etc. for device level applications, we have made an effort to fabricate two dimensional nanostructure of graphite i.e. bi-layer graphene for possible application in solar cell as transparent conducting film (TCF).
Thin film solar cells are being pursued as viable alternatives to silicon solar cells and a critical aspect of these solar cells is the current conduction across the illuminated side of the device, namely TCF and the illuminated side (electrode) should be transparent with good conductance. 28 The conventional TCF materials are ITO, FTO, ZnO, CNT random meshes, thin metal films, metal gratings, Ag nanowire networks. Among various TCFs, indium tin oxide (ITO) is the most widely used material, but possesses some serious drawbacks relating to cost and material related properties. 29 The high transparency accompanied with better conductivity favors graphene as a very suitable material for TCF in thin film solar cell applications. Table   1 . It is evident that graphene has outperformed ITO in various categories owing to its excellent properties.
Herein, we report on the TCAD Silvaco simulation of InGaN/ GaN p-i-n junction solar cell using the structural, electrical and optical properties of as-produced exfoliated bi-layer graphene as transparent and conductive film. An efficiency of 15.24 % is found in the bi-layer graphene/ p-6 GaN/ n-InGaN/ n-GaN/ GaN/ Al 2 O 3 system compared to 13.63 % for ITO/ p-GaN/ n-InGaN/ nGaN/ GaN/ Al 2 O 3 system. Such important aspects are scarcely addressed in detail so far, to the best of our knowledge.
Material and methods
The fabrication of graphene film is carried out using the micromechanical cleavage of HOPG (ZYH Ceramics) of 12x12x3 mm Using commercial scotch-tape, graphene is mechanically exfoliated from HOPG and transferred to pre-treated glass substrates. The samples are characterized using field-emission scanning electron microscopy (ZEISS, Supra TM-55), atomic force microscopy (NANOTEC Electronica, Spain), Raman spectroscopy (Invia Reflex/514, Incoterm, UK), UV-vis spectroscopy (UV-2450, Shimadzu, Japan) and Fourier transform infrared spectroscopy (Varian 800, Japan). The simulation work is carried out using TCAD Silvaco software (Version: Atlas 5.16.3.R), which uses the models such as, AUGER for surface Auger recombination, SRH for Shockley Read Hall recombination, OPTR for optical recombination, KP model for effective masses and band edge energies for drift diffusion and Newton's method as the solution method.
Characterizations
The field emission scanning electron microscopy (FESEM) and atomic force microscopy (AFM) images of the as transferred graphene films on glass are shown in Fig. 1 (a) and (b) , respectively.
The planar graphene of dimension of around 30 µm in side length with the folded edge structures are clearly observed from the FESEM image in Fig. 1 (a) . The AFM image with a sheet height of ~ 1.2 nm (inset of Fig. 1 (b) ) is seen on glass. The constant thickness of the film with a deviation of 25% as confirmed from the AFM line scanning of the graphene patches indicates the transfer of nearly uniform graphene film on the pre-treated glass substrate.
The structural defects and number of layers of the as-formed graphene film can be determined using the Raman spectrum (514 nm), which is shown in Fig. 2 (b) , with the spectrum of the starting graphite shown for comparison ( Fig. 2 (a) ). The as-exfoliated graphene spectrum in , and a week band at around 2447 cm -1 , which is due to HOPG. 32 The presence of two intense peaks, G and 2D-band at around 1576 cm -1 and 2706 cm -1 , respectively indicate the formation of graphene film on pre-treated glass substrates. 33 The G-band originates from the Stokes Raman scattering with one phonon (E 2g ) emission and its intensity increases almost linearly with the increasing number of layers. 25, 26 The 2D-band is due to the Stokes-Stokes double resonant Raman scattering with two phonon emissions. 33, 34 The broadening and the blueshift of the 2D-band are the signature of increasing number of graphene layers. indicates the presence of bi-layer graphene (BLG). 35, 36 This claim of formation of BLG is also supported by the above film thickness measurement of ~ 1.2 nm.
The optical properties of as-transferred graphene films on glass is measured and shown in Fig. 3 .
Transmittance of > 85% is observed from the wavelength range of 350 nm to 750 nm. The strong absorption of light at 300 nm may be attributed to the band gap absorption corresponding to ~4.2 eV due to the π-π* transition of aromatic C-C bonds. A weak and broad absorption band centered at 650 nm may be attributed to the impurity based optical absorption which is mainly due to graphene oxide. 37 It is important to confirm the absence of defects or oxides in these transferred films. We characterized for oxides using FT-IR as shown in It is also noted that the transfer of graphene onto untreated glass is not successful, because of the presence of grease on glass surfaces. The presence of grease impurities on glass surface restricts the vanderwalls force of attraction between glass and graphene. After the pre-treatment of glass substrate by trichloroethylene, acetone, de-ionized water and HF acid as described in the experimental section, the substrates become grease free and graphene can easily make a strong vanderwalls force of attraction with the glass surface.
Since graphene is a zero-gap semiconductor with a very high Fermi velocity V F ≈10 (1) Where N is the number of single-layers of graphene. Therefore, the calculated R sh for BLG according to Eq. 1 is 31.2 Ω/Sq. The measured R sh in this work at room temperature using fourprobe is ≈ 37.54 Ω/Sq, which is close to the calculated value.
Theoretical Simulations
Theoretical investigations indicate that graphene thin films can be used as transparent electrodes The composite metal layer, which is used as Ohmic contact for device simulation, is deposited using electron beam evaporation (Varian VT 114 UHV) system followed by rapid thermal annealing (at 830 °C for 30 s in nitrogen ambient). Now, InGaN of thickness 100 nm is considered on n-GaN, with concentration of the intrinsic layer is assumed as 1X10 is assumed in the n-GaN region. The thickness of the p-GaN layer is optimized i.e., 10 nm, but it is not good for making Ohmic contact and proper junction, therefore we have taken p-GaN of thickness 50 nm in the device simulation.
It is essential to test the performance of the device and the current-voltage (I-V) and powervoltage (P-V) characteristic curves are shown in Fig. 6 , from which, the photovoltaic characteristic parameters are determined and given in the inset. In an earlier theoretical work 39 the compositionally graded InGaN p-i-n solar cell of efficiency 17.8 % has already been reported, in comparison to the present investigation in which an efficiency of 15.24 % is achieved without using grading layers in the intrinsic region. The present device is also studied for ITO as TCF and the results are compared with BLG-based device.
The properties of exfoliated BLG and ITO used as TCF in the system simulation are mentioned in Table 2. A similar experimental work 40 reports on InGaN-based p-i-n solar cells with graphene electrodes, which uses graphene films, synthesized using chemical vapor deposition (CVD) and demonstrated an efficiency of 1.2 %. In the present report, an effort has been taken to realize the ultimate efficiency of InGaN-based p-i-n solar cells using the better optical and electrical properties of fabricated exfoliated BLG.
Conclusions
BLG is successfully transferred onto pre-treated glass after micromechanical cleavage of highly ordered pyrolytic graphite using scotch tape. Raman spectra show that the graphene sheet is of high quality and BLG is confirmed from the intensity ratio of 2D to G-band and the 2D-band full-width at half maximum. The UV-vis measurement shows that the BLG has high transmittance of 85-95% in the range 350-750 nm. The extracted characterized properties of BLG is used as TCF film in InGaN/ GaN thin film solar cell and an efficiency of 15.24 % is seen in the bi-layer graphene/ p-GaN/ n-InGaN/ n-GaN/ GaN/ Al 2 O 3 system compared to 13.63 % for ITO/ p-GaN/ n-InGaN/ n-GaN/ GaN/ Al 2 O 3 system. This fundamental theoretical study opens up vast opportunities for BLG to replace conventional TCF materials in thin film solar cells, which can be further realized by experiment. 
